Background: A number of studies have found associations between heavy metals and uterine fibroids, but the results are inconsistent. Here, we conducted this research to demonstrate the relationships between blood heavy metal concentrations and uterine fibroid volume as well as the rate of uterine fibroid presence. Methods: In a cross-sectional study, we collected data from 308 premenopausal women aged 30-49 years in Seoul; uterine fibroids are ascertained by past history of myomectomy and pelvic ultrasonography. In the analytic phase, we first analyzed the presence of the fibroids and the concentrations of heavy metals via logistic regression. In subgroup analysis, we used simple and multiple linear regression analyses to examine the associations between heavy metals and uterine fibroid volume. Results: There was no connection between the heavy metal concentrations and the presence of uterine fibroids, but the odds of women having fibroids were higher with three particular metals. In subgroup analysis, the association between blood cadmium concentrations and uterine fibroid volume was statistically significant (adjusted beta coefficient = 2.22, 95% confidential interval: 0.06-4.37). In contrast, blood mercury and lead concentrations were not significantly associated with uterine fibroid volume. Conclusions: Our findings are the first that we know to report the association of blood cadmium concentrations with the volume of uterine fibroids. We expect that our findings will be used as evidence for supporting policies to improve premenopausal Korean women's health.
Background
Uterine fibroids cause serious symptoms such as uterine bleeding and pelvic pain [1] , resulting in major surgery (e.g., hysterectomy). Nearly 70% of Caucasian women show the cumulative incidence of uterine fibroids by the age of 50 [2] , and the rate also applies to Asian women [3] .
Although the precise causes of fibroids are still unknown, they have been assumed to be associated with reproductive history, body mass index (BMI), and smoking [4] . Fibroids are known for estrogen-dependent diseases, where diseased tissues show more estrogen receptor-α (ERα) than non-diseased tissues [5] [6] [7] . Because fibroids are hormonally related, it has been hypothesized that exposure to exogenous estrogens is related to their development and size increase [8, 9] .
Metalloestrogens are metals that are known to activate the estrogen receptor in the absence of estradiol [10] . In both in vitro and in vivo studies, metalloestrogens have been identified as the cause of ERα activation [11] [12] [13] . Among metalloestrogens, the following three heavy metals have been reported as toxic to people: cadmium, lead, and mercury. The main sources of exposure to each metal are as follows: cadmium exposure is primarily through cigarette smoke, air pollution, and contaminated food [14] ; lead exposure is through lead-based paint, contaminated soil, and dust [15] ; and mercury exposure is through fish consumption, air pollution, and dental amalgams [16] .
Two epidemiologic studies have found the associations between blood heavy metal concentrations and the existence of uterine fibroids, but the results are not consistent [17, 18] . In addition, Korean women are vulnerable to conventional heavy metal exposure because they consume so much rice and seafood [19, 20] . Hence, here we epidemiologically conduct research to demonstrate the relationships between heavy metal concentration and uterine fibroid volume, mainly based on cell proliferation, as well as the rate of uterine fibroids.
Methods

Study participants
Using a cross-sectional study, we conducted research on the effects of exposure to environmental risk factors in premenopausal women in Seoul. The data were collected for three months (September to November 2014) to clarify how the environment exposure affects their health.
Recruitment and informed consent
The women volunteered following a notice on the bulletin board at the Ewha Womans University Medical Center, a support center for healthy families, a community health center, a community service center, and a community blog for mothers. The study protocol was approved by the institutional review board at Ewha Womans University Medical Center, and written informed consent was obtained from all of the women.
Data and bio-specimen collection
We collected data from 308 premenopausal women in the Republic of Korea, the age range of 30 to 49. For the data analysis, we did not include pregnant or breastfeeding women, whose heavy metal levels at the time might have been influenced by these circumstances and might have been less representative of heavy metal levels at the time of diagnosis [21, 22] ; women who had received hysterectomies were also excluded from the analysis. Ultimately, we conducted the statistical analysis with 288 women, 46 with fibroids and 242 without.
In order to clarify the statistical significance between uterine fibroid volume and heavy metals, we also performed subgroup analysis among women with fibroids. Because there was bias resulting from the myomectomy histories of women who did not have a medical record of their uterine fibroid volumes, we conducted our subgroup analyses only with women who had not received a myomectomy (n = 40).
We collected the data from interview questionnaires, physical examinations, pelvic ultrasonography, and blood samples; we collected basic health information such as socio-demographic characteristics, prior medical history, reproductive health status, psychosocial status, health behavior, height, weight, and environmental exposure with the assistance of trained researchers using questionnaires.
We collected the data on the presence and volume of the women's uterine fibroids through pelvic ultrasonography. Specifically, pelvic ultrasounds were performed using the ProSound Alpha 7 ultrasound system (Hitachi Aloka Medical, Tokyo, Japan). We also sampled blood in order to measure the levels of cadmium, mercury and lead; we collected the whole-blood samples in EDTAtreated tubes and stored the mat 4-8°C throughout the entire analysis period. We conducted these analyses within three days of storage at the Seoul Medical Science Institute.
Analysis of heavy metals in whole blood
We analyzed each heavy metal as follows: We analyzed cadmium levels using graphite furnace atomic absorption spectrophotometry. The limit of quantification (LOQ) was 0.100 μg/L, and no sample had a cadmium level below the LOQ; we analyzed mercury by inductively coupled plasma mass spectrometry. The LOQ was 0.008 μg/L, and no sample had a mercury level below that; we analyzed lead levels by graphite furnace atomic absorption spectrophotometry. The LOQ was 0.030 μg/ dL, and again, no sample had a lead level below the LOQ. Standardized quality-control procedures were carried out for the laboratory analyses, including internal and external controls. For each series of analyses, internal quality control was used. Centers for Disease Control and Prevention (CDC)'s Lead and Multielement Proficiency (LAMP) external quality program were periodically conducted for the precision and accuracy of cadmium, lead, and mercury level measurement. Additional external quality control for lead measurement was executed by College of American Pathologists (CAP) program.
Uterine fibroid ascertainment
Diagnosis of uterine fibroids was based on pelvic ultrasonography and two questions: "Have you ever undergone an operation in the past?" and "If you have ever undergone an operation, what was the operation?"; the pelvic sonograms were taken by a well-trained gynecologist. If a participant had undergone a myomectomy in the past or was diagnosed with uterine fibroids by pelvic ultrasonography during our research, we categorized that woman as having uterine fibroids. In addition, if we could identify fibroids during our research based on the pelvic sonograms, we also gathered data on the fibroids volumes. When study participants had multiple uterine fibroids, we selected the largest fibroids by volume as the dominant or marker fibroids for demonstrating the association between blood heavy metal concentrations and uterine fibroid volumes. We calculated fibroid volume by measuring the longest and shortest diameters to determine an ellipsoid shape [23] .
Statistical analysis
All statistical analyses were performed in SAS 9.3 version. Descriptive analyses included evaluating data completeness and comparing women with and without fibroids in relation to socio-demographic, medical, and reproductive history characteristics. We used Chi-square tests to determine statistical significance for the categorical variables. After, the geometric means and standard deviations for the three heavy metal concentrations were calculated by general characteristics and disease status of study participants. Kruskal-Wallis tests were also used to determine statistical significance among non-normally distributed continuous variables. Before moving onto inferential analysis, all concentrations of blood heavy metal and the volume of the largest fibroids were log transformed due to non-normal distribution; this transformation normalized the distributions. In the analytic phase, we first analyzed the presence of uterine fibroids and the heavy metal concentrations via logistic regression. Second, we used simple and multiple linear regressions for the subgroup analyses of the associations between heavy metal concentrations and uterine fibroid volumes. Third, the association between quartiles of heavy metals concentrations and uterine fibroid volumes was assessed using simple and multiple linear regression. The possible confounders were age as continuous, BMI as continuous, the age at menarche as continuous, gravidity categorized as 0, 1, 2, and more than 3, birth control pill administration history dichotomized as never versus used, regularity of menstrual cycle dichotomized as regular versus irregular, hemoglobin level dichotomized as anemia versus non-anemia (<12 g/dL versus ≥12 g/dL), and serum cotinine dichotomized as no versus passive or active exposure (<10 ng/mL versus ≥10 ng/mL).
Results
In our study, the prevalence of uterine fibroids was 16.0%. Table 1 shows that the women with uterine fibroids were older than the women without fibroids. Table 2 shows that the research women's mean blood concentrations of cadmium, lead, and mercury were 0.98 μg/L, 1.36 μg/dL, and 1.61 μg/L, respectively. Women in their 40s had significantly higher cadmium and mercury concentrations than those in their 30s (Table 2) . Obese women had a significantly higher mercury concentration than non-obese women and women with anemia had a significantly lower cadmium concentration than women without anemia (Table 2) . Although the women with uterine fibroids showed higher blood concentrations of the heavy metals than the women without uterine fibroids, there was no significance between the concentrations and the presence of fibroids, also shown in Table 2 . Table 3 shows that there was no significance between the concentrations and the presence of fibroids either before or after adjustment, but the odds of having these three heavy metals in their blood were higher among women who did have uterine fibroids. Tables 4 and 5 shows the results of the subgroup analysis of the women who were found to have uterine fibroids via pelvic ultrasonography. In that subgroup, the mean volume of the largest fibroids was 19.6 ± 56.1 cm 3 (range: 0.02-280.55cm 3 ). In Table 4 , the association between blood cadmium concentrations and the volume of the largest fibroids was statistically significant after adjusting for confounders (P < 0.05) and the correlation graph between blood cadmium concentrations and the volume of the largest fibroids was represented in Fig. 1 . In contrast, blood mercury and lead concentrations were not significantly associated with the volume of the largest fibroids either before or after adjusting for confounders (Table 4) . In Table 5 , although dose-response association between blood cadmium concentrations and the volume of the largest fibroids did not show a statistically significant, the upper quartile of blood cadmium concentrations had the highest β coefficient.
Discussion
We here demonstrated a significant relationship between blood cadmium concentrations and uterine fibroid volume by statistically adjusting for variables such as age, age at menarche, use of birth control pills prior to diagnosis, gravidity, regularity of menstrual cycle, BMI, hemoglobin level, and cotinine levels. To our knowledge, our findings are the first attempt to report the association of blood cadmium concentrations with uterine fibroid volume; our results show close agreement with the hypothesis that cadmium increases the volume of uterine fibroids.
These findings are similar to the findings of previous in vivo studies. Cadmium exposure is known to increase uterine wet weight and to proliferate human uterine leiomyoma cells based on a number of in vivo studies [24, 25] . Although the mechanisms are not clear, estrogen receptor (ER) stimulation and non-genomic activation of mitogen-activated protein kinase (MAPK) are considered possible biological mechanisms of cadmium's actions [25, 26] . A number of studies have found more ERs in fibroids than in the homogeneous myometrium [27] , and another study suggested that metalloestrogens activate the ER-α [11] . However, more recently there are several efforts to demonstrate that Cd-induced growths in human uterine leiomyoma and smooth muscle cells are not mediated by classical ER mechanism of receptor binding or estrogen response element-mediated gene activation [28] , but by non-genomic pathways [27] . Non-genomic pathway involves differential activation of growth factor receptors and subsequent MAPK/extracellular signal-regulated kinase 1/2 phosphorylation [27] . Therefore, more studies are needed to demonstrate the exact mechanisms of estrogenic effects in cadmium exposure.
Unlike the results for blood cadmium, the blood lead and mercury levels were not significantly associated with fibroid volume in our study, which can be explained by a ranking of estrogenicity based on an in vitro study [12] that measured thee estrogenicity of major heavy metals by estrogen-receptor-dependent transcriptional expression assay. The results show the following estrogenicity ranking: cadmium chloride > lead acetate > lead nitrate > mercuric chloride [12] . Prior human studies regarding breast cancer and heavy metals also show this estrogenicity ranking [10] . Breast cancer is known to depend on estrogen, as uterine fibroids do. Studies of breast cancer and metalloestrogens have found major concerns with cadmium [10] , and many epidemiological studies demonstrate the association between cadmium and breast cancer [29] [30] [31] .
The increased volume of uterine fibroids is clinically important because most fibroids are asymptomatic [32] , but larger fibroids can cause "bulk" symptoms including bowel and bladder dysfunction and abdominal pain [33] ; consequently, large uterine fibroids need to be treated by surgery or medication. Because of this importance of uterine fibroid volume, our finding is medically meaningful for identifying strategies to prevent adverse effects of uterine fibroids. In our study, although there was no clear statistical significance between the existence of uterine fibroids and heavy metals, the women with uterine fibroids showed higher geometric mean heavy metal concentrations and greater odds of having these three heavy metals in their blood than did the women without fibroids. Previously, two epidemiologic studies demonstrated the relationship between heavy metal blood concentrations and uterine fibroids [17, 18] . Research based on the National Health and Nutrition Examination Survey (NHANES) presented that uterine fibroids were not significantly associated with blood levels of heavy metals [17] , whereas research based on an operative cohort of the Endometriosis: Natural History, Diagnosis, and Outcomes (ENDO) study showed the effects of blood cadmium and lead on uterine fibroids [18] . In terms of exposure, our study Table 2 Geometric mean of heavy metals in blood by characteristics of study population participants had higher blood concentrations of heavy metals than did participants in either of the previously reported two studies; our study participants showed, respectively, mean blood concentrations of 0.98 μg/L, 1.36 μg/dL, and 1.61 μg/L of cadmium, lead, and mercury, whereas in the NHANES, the participants showed means of 0.42 μg/L, 1.13 μg/dL, and 1.00 μg/L of cadmium, lead, and mercury, respectively [17] . In the ENDO study, the research participants who had uterine fibroids showed blood concentration means of 0.37 μg/L, 0.83 μg/dL, and 0.93 μg/L, and those without fibroids showed 0.30 μg/L, 0.61 μg/dL, and 0.55 μg/L of cadmium, lead, and mercury blood concentrations, respectively [18] . Regarding the study Fig. 1 Correlation graph between blood cadmium concentrations and the volume of the largest fibroids outcomes, the NHANES [17] is based on a selfreported questionnaire and thus determining whether the patients had uterine fibroids had limited sensitivity. The prevalence of uterine fibroids was 8% in the NHANES [17] , much lower than the prevalence that had been previously reported from utilizing ultrasonography for the detection [2] . In contrast, ENDO study [18] showed uterine fibroid prevalence of 21% with the postoperative diagnosis. Although postoperative diagnosis clearly showed fibroids, small submucosal and intramural fibroids may have escaped detection. To diagnose the presence of fibroids, our study used both the questionnaire and pelvic ultrasonography, and prevalence was lower than expected (16.3%). Additionally, ENDO study [18] had more participants (n = 495) than our study (n = 282).
Our study does have a number of limitations; first, the study design was cross-sectional, and thus there was no temporality. Second, our participants consisted of healthy volunteers, and nearly all of them had given birth; thus, our study results could have been biased by this characteristic of the subjects. Third, our study population was smaller than that in previous studies, which could have reduced the statistical power in our study.
Although this study did have its limitations, it also has strengths. Our advanced diagnostic method with the questionnaire and the pelvic sonograms allowed us to confirm the history of myomectomy and asymptomatic uterine fibroids, respectively. This outstanding measurement method showed clearly reliable diagnosis results that were unattainable with the NHANES [17] and ENDO study [18] . This approach also enabled us to obtain the data on uterine fibroid volume, which allowed us to analyze the relationship between blood heavy metal concentrations and fibroid volumes.
Conclusions
In summary, we attempted to determine the influence of heavy metals on the prevalence and volume of uterine fibroids. As demonstrated in our statistical results, which derived from a questionnaire and pelvic ultrasonography results, the women who had uterine fibroid showed higher geometric mean blood heavy metal concentrations as well as greater odds of having these three metals in their blood than the women who did not have fibroids. In addition, we also examined the relationship between uterine fibroid volume and the heavy metal concentrations. The blood cadmium concentration was significantly associated with fibroid volume, although the blood levels of lead and mercury were not.
Symptomatic uterine fibroids seriously reduce the quality of life in premenopausal women, and their volume has the most important influence on the symptoms. Therefore, well-designed studies considering the limitations of our study are needed for demonstrating the clear associations between heavy metal exposure and uterine fibroids in premenopausal women. 
